Since the closure of the "solar flare myth" debate in the mid-1990s, a specific narrative of the nature of coronal mass ejections (CMEs) has been widely accepted by the solar physics community. This narrative describes structured magnetic flux ropes at the CME core that drive the surrounding field plasma away from the Sun. This narrative replaced the "traditional" view that CMEs were blast waves driven by solar flares. While the flux rope CME narrative is supported by a vast quantity of measurements made over five decades, it does not adequately describe every observation of what have been termed CME-related phenomena. In this paper we present evidence that some large-scale coronal eruptions, particularly those associated with EIT waves, exhibit characteristics that are more consistent with a blast wave originating from a localized region (such as a flare site) rather than a largescale structure driven by an intrinsic flux rope. We present detailed examples of CMEs that are suspected blast waves and flux ropes, and show that of our small sample of 22 EIT-wave-related CMEs, 91% involve a blast wave as at least part of the eruption, and 50% are probably blast waves exclusively. We conclude with a description of possible signatures to look for in determining the difference between the two types of CMEs and with a discussion on modeling efforts to explore this possibility.
INTRODUCTION
In this paper, we seek to rehabilitate the term "blast wave" as appropriate to apply to a commonly observed variety of coronal mass ejection (CME). Ever since the closure of the so-called "solar flare myth" debate in the mid-1990s (Kahler 1992; Gosling 1993a ), a standard narrative of the physics describing CMEs has been widely accepted by the solar physics community. This narrative, which has not diverged far from the magnetic cloud description of Burlaga et al. (1981) , describes a magnetic flux rope at the core of CMEs that drives coronal and solar wind fields and material away from the Sun. This "modern paradigm" (Gosling 1993a) replaced the traditional view that CMEs were blast waves driven by solar flares (e.g., Hale 1931; Sonnet et al. 1964; Dryer 1982) . Consequently, over the decades, blast wave models such as those of Dryer & Smart (1984) , Smith & Dryer (1990) , and Fry et al. (2001) are being replaced with models that consider the intrinsic magnetic field within CMEs, such as those of Chen (1996) , Fan & Gibson (2003 , and Tóth et al. (2005) . It is worth noting that arguably the most successful model for the prediction of CME arrival at the Earth, Enlil (Odstrcil et al. 2005; Webb et al. 2009; Millward et al. 2013 ), currently does not involve an intrinsic magnetic structure, although the geometry and launch parameters are governed by coronagraph measurements of CMEs. We consider the possibility that an intrinsic magnetic field might not play a central role in the evolution of some CMEs.
The CME flux rope narrative is supported by five decades of observations; studies that gradually moved the center of the CME away from the flare site and assigned its own intrinsic properties. Kahler (1992) provides an excellent review of the first three decades of these studies. Observations supporting the flux rope narrative include those of filaments (e.g., Wilson & Hildner 1986; Sturrock 1989; Litvinenko & Martin 1999) , sigmoids (e.g., Canfield et al. 1999; Titov & Démoulin 1999; Sterling 2000; McKenzie & Canfield 2008) , post-eruptive arcades (e.g., Kopp & Pneuman 1976; Hudson et al. 1998; Tripathi et al. 2004) , and in situ magnetic clouds (e.g., Klein & Burlaga 1982; Lepping et al. 1990; Cane & Richardson 2003; Riley et al. 2004 ). More recent studies of CME flux ropes have involved, for example, cavities (e.g., Kucera et al. 2012; Gibson 2014 Gibson , 2015 , arcades and active regions (e.g., Sun et al. 2012; Cheng et al. 2014) , and magnetic reconnection beneath expanding flux ropes (e.g., Howard & DeForest 2014; Sun et al. 2015) .
There is one observation that is frequently associated with CMEs that has not to date been adequately described by the flux rope narrative. "EIT waves" (Section 2.3) and their various manifestations exhibit properties that appear to be more consistent with the blast wave narrative, and yet their off-limb counterparts closely resemble CMEs and have been traced to great distances from the Sun using white light imagery. In the present paper, we present the case that many-our results suggest that at least 50%-of what have been identified as CMEs arising from EIT waves are most appropriately described as blast waves driven by the same impulsive energy release that drives the associated solar flares. We show that these types of CMEs do not exhibit characteristics of intrinsic magnetic structure, even though some of them can be traced out to distances of at least 1 AU from the Sun and can be measured in situ there. We find that blast waves and flux rope driven waves can be present together, and we present a basic narrative for how such a situation can arise, and describe some directions for modeling efforts to explore such scenarios. In summary, we present the case that there is a type of commonly observed CME that is likely a blast wave originating from a point source (typically the flare site), and that this description should therefore be rehabilitated back into the general CME narrative and considered in CME studies.
BACKGROUND
As this paper revises some commonly accepted views of CMEs and encourages the rehabilitation of a term that has fallen out of favor when describing their physics, in this section we place our discussion into the appropriate historical context. We present the case that some CMEs are waves originating from the same initial energy source responsible for the solar flare. This deviates from the contemporary view of CMEs as large-scale intrinsically driven magnetic structures, but it is also separate from the traditional view of the flare itself being the source of the CME blast wave. We also introduce EIT waves as the intensely studied physical phenomenon that is so often associated with CMEs. These have been assigned different terms in recent years, sometimes with different meanings, and so it is important to define our terms carefully. Finally, we add that our study focuses exclusively on CMEs associated with EIT waves, which are a small subset of the collective of phenomena that are referred to as CMEs.
Blast Waves Versus Flux Ropes: A Brief Historic Review
The idea of ionized material arising from solar flares and causing geomagnetic storms appears to date from around the 1930s (Hale 1931; Dellinger 1937; Newton 1939 Newton , 1943 Chapman 1950 ) and the idea persisted into the space age, where interplanetary shocks were attributed to being caused by flares (e.g., Sonnet et al. 1964; Gosling et al. 1968) . By the 1970s, however, some workers had begun to express doubts that solar flares could be the source for interplanetary shocks, geomagnetic storms, and, after their discovery (Tousey 1973) , CMEs observed by coronagraphs. Evidence against the flare being the source included: the absence of a 1:1 relationship between geomagnetic storms and flares (e.g., DeMastus et al. 1973; Gosling et al. 1974; MacQueen 1980; Joselyn & McIntosh 1981) ; the energy required to launch the mass ejection was much larger than that of the flare (e.g., MacQueen 1980; Webb et al. 1980) ; the location of the flare being at only one footpoint of the larger expanding structure ; the lack of correlation between the time of the projected onset of the CME and that of the flare (Harrison et al. , 1990 Harrison & Sime 1989) ; and a lack of lateral movement of the expanding bright front as its leading edge expanded outwards (Sime et al. 1984) . These and other measurements were presented in a review paper by Kahler (1992) and another by Gosling (1993a) , the latter now well known as the "solar flare myth" paper. In that paper, flares are described as being either connected to CMEs via a common primary physical process (labeled in his Figure 16 as "evolving solar magnetic fields"), or as being caused by the CME launch. By around 1996 Gosling's "modern paradigm" was widely accepted as the correct general physical model for CMEs. This picture has changed little in the last two decades, apart from perhaps the general acceptance that a magnetic flux rope is the driving core of a CME, although this too is an idea dating from before the space age (e.g., Morrison 1954; Cocconi et al. 1958; Gold 1959 ).
CMEs
As is commonplace in studies involving CMEs, the precise definition of a CME, particularly as observed by coronagraphs, remains somewhat nebulous. Howard (2015) provides a review of the problems associated with the identification and measurement of CMEs seen in white light, including their extended 3D geometry and perspective, optical thinness, and the physics of the Thomson scattering by which they are observable. This has prompted the community in recent years towards attempts to define a CME in terms of its physical properties rather than its observables; Vourlidas et al. (2013) , for example, proposed a classification of "flux rope CME" for those that have a flux rope at their core. The problem is that there is no way to always unambiguously identify flux ropes using white light imagery alone, as flux rope signatures such as cavities could either be obscured by bright material (see, for example, Figure 2 of Howard 2015) or, as shown in the present paper, may not be caused by flux ropes at all. We therefore must rely on auxiliary measurements of CMEs to confirm the presence of flux ropes, such as the the arrival of magnetic clouds at in situ spacecraft (e.g., Klein & Burlaga 1982; Bothmer & Schwenn 1998) or careful examination of solar disk imagery. Auxiliary data sets, however, can only be used to identify a small portion of CMEs, as we cannot ensure that an in situ spacecraft will always be placed where it will encounter the flux rope core of the CME, or whether clear signatures of the flux rope formation and launch on the solar disk will be forthcoming. It is only now, with the very high spatial and temporal resolution from Solar Dynamics Observatory (SDO) combined with the stereoscopy from Solar-Terrestrial Relations Observatory (STEREO) that we are able to begin to piece together the signatures on and near the solar disk arising from the formation and eruption of CME flux ropes (e.g., Cheng et al. 2014; Gibson 2014 Gibson , 2015 Howard & DeForest 2014; Sun et al. 2015) .
In this paper we present the case that the white light appearance of what is commonly identified as a (large) CME may be produced by two separate physical mechanisms. When observed without the support of auxiliary data sets, we found that it is often difficult to distinguish between the two varieties of CME, as the bright material that appears in both varieties arises from the same surrounding coronal and solar wind material. The cores of the CME flux ropes themselves are essentially invisible in coronagraph images, appearing only as cavities highlighted by the surrounding bright material. In the same sense, blast waves may also appear as cavities as their interiors contrast with the material that is piled up ahead of them. While in Section 6.2 we present some signatures that can be searched for in coronagraph images to distinguish between the two, these are not always easily observed.
In the absence of clearly observable distinctions between the two varieties of CMEs described in this paper, we henceforth refer to them both as "CMEs" when they are observed by white light imagers. Our definition of a CME, then, is a clear eruption observed with a coronagraph that an informed solar physics researcher would identify as a CME. We accept that this may not be a scientifically robust definition for some readers, but it is valid for our current interpretation of white light CME data (Howard 2015) . We do not adhere to the "classic three-part CME" configuration (Illing & Hundhausen 1985) as this requires a bright filament within the cavity component. As we explore briefly in Section 6.2 and in more detail in an accompanying paper, the filament when observed by a coronagraph may provide an important signature for a CME flux rope, and may be a category of CME separate from many of those associated with EIT waves. When required, the physical distinction between the two varieties of CMEs are classified as "flux rope CMEs" and "blast wave CMEs."
EIT Waves
A couple of years after the closure of the solar flare myth debate, Dere et al. (1997) and Thompson et al. (1998) reported on the presence of wavefronts observed on the solar disk that propagated away from the site of the flare. They were originally termed "EIT waves" after the instrument that first detected them (EIT on board the Solar and Heliospheric Observatory (SOHO) Delaboudiniére et al. 1995) and have now been intensely studied for over 15 years. Over that time they have been assigned different terms, such as flare waves (e.g., Thompson et al. 2000; Warmuth et al. 2003) , extreme-UV (EUV) waves (e.g., Patsourakos & Vourlidas 2012; Muhr et al. 2014) , coronal waves (e.g., Douglas & Ballai 2007; Webb & Howard 2012) , and coronal bright fronts (e.g., Gallagher & Long 2011, and references therein). While there are differences in the precise definitions of these terms, broadly speaking they describe the same phenomenon: a bright front propagating away from a point-like origin on the solar disk. In many cases the origin appears to be from the site of a solar flare associated with a CME (e.g., Thompson 1999; Thompson & Myers 2009; WillsDavey & Attrill 2009; Nitta et al. 2013 ), but some workers have reported a stronger correlation of wave occurrence with CMEs rather than flares (e.g., Wills-Davey & Attrill 2009, and references therein). For simplicity, henceforth in this paper we refer to them as EIT waves although we do not use the EIT instrument for any measurements in our study. We define EIT waves with the criteria described in Section 4. Nitta et al. (2013) provide a recent review of the various physical narratives that have been assigned to EIT waves, such as the coronal manifestations of Moreton waves (e.g., Thompson 1999; Warmuth et al. 2001 Warmuth et al. , 2002 , the base of expanding overhead CME magnetic structures (e.g., Delanée & Aulanier 1999) , and solitons (Wills-Davey et al. 2007 ). Other reviews on EIT waves can be found by Wills-Davey & Attrill (2009 ), Gallagher & Long (2011 ), and Patsourakos & Vourlidas (2012 .
The arrival of the STEREO mission (Kaiser et al. 2008 ) provided the opportunity to observe EIT waves from both the solar disk and solar limb simultaneously; this was optimally achieved during 2010-2012, when the two STEREO spacecraft were separated from the Earth by around 70°-120°. It was found that EIT waves typically traced out the base of an expanding "dome" above the solar limb (Kienreich et al. 2009; Veronig et al. 2010 ) and a few were traced by some workers out to large distances from the Sun (e.g., Temmer et al. 2010) . It was at around this time that the narratives describing the nature of EIT waves began to diverge. For the first ten years or so since their first appearance in the literature, most workers believed that EIT waves were fast mode MHD waves originating from either the flare site or a point source on the Sun. They were often associated with Moreton waves (e.g., Thompson et al. 1999 Thompson et al. , 2000 , which are much faster than EIT waves and propagate away from flare sites that are observed by Hα imagers (e.g., Gilbert et al. 2008) . By the late 2000s, however, workers had begun questioning the association with flares and instead begin to associate them directly with CMEs. Older studies that found stronger correlations with CMEs than with flares (e.g., Biesecker et al. 2002; Cliver et al. 2005) were cited, and models began to emerge describing how EIT waves can arise from CMEs (e.g., Chen & Fang 2011; Downs et al. 2011, and references therein) .
We suspect that the divergence in narratives arose from the need to describe the relationship between the on-disk EIT waves and the off-limb wave domes that were commonly associated with them. The problem was that it was commonly accepted that the wave domes were CMEs as they exhibit very similar characteristics to CMEs when observed by white light coronagraphs, but it was already by that time accepted that CMEs were caused by expanding magnetic flux ropes. It followed, then, that EIT waves must also be caused by expanding magnetic flux ropes. If the waves appeared to be blast waves, one would conclude that those waves must therefore be driven by the CME flux rope (e.g., Veronig et al. 2010) .
The problem with this is that it is not supported by the observations of EIT waves. It is long established (see Section 2.1) that flux rope CMEs are not centered at the site of their associated flare, and yet the vast majority of EIT waves, including those that appear as domes above the solar limb, do appear to originate from a compact flare site. Further, it makes no sense for a wave that is driven by a flux rope CME to appear to originate from a single point on the Sun when the large-scale flux rope at the core of the CME has a much larger spatial extent.
We now have many dozens of studies over the years that present evidence of coronagraph CMEs arising from both flux rope CMEs and from EIT waves. As the existence of both seems to contradict the claim that they all arise from flux ropes, we must consider the possibilities that there are two different types of CME that are launched by different physical processes, or that some mass ejection events also involve a blast wave component. In the following sections we present evidence that many CMEs that are described as EIT wave domes are purely blast waves originating from a localized site on the Sun, while other CMEs are the contemporary flux rope CMEs that drive their own wave ahead of their expanding structure. These flux rope CMEs are accompanied by a separate blast wave originating from the localized site. In our very limited sample of 22 EIT waves, we find that the ratio of these two different kinds of CME is 1:1, although blast waves are almost always present even when flux ropes are involved.
DATA
For white light CME measurements we use the SECCHI imaging suite on board STEREO (Howard et al. 2008) . SECCHI is the only suite that provides continuous observation of features from the solar disk through the solar wind, but the solar disk imagers observe in EUV while the outer corona and solar wind imagers are broadband visible white light imagers. Additionally, with a cadence of (at best) 3 minutes, the SECCHI EUV imager is not adequate to identify the source of the EIT wave. For such high-cadence images (12 s), we use the Atmospheric Imaging Assembly (AIA, Lemen et al. 2012 ) on board SDO (Pesnell et al. 2012) . We therefore seek EIT waves that were simultaneously observed near the disk center relative to SDO and near the solar limb relative to at least one of the STEREO spacecraft. For detailed measurements of a single track through the CME we utilize in situ data, primarily from the Wind spacecraft (specifically MFI (Lepping et al. 1995) and SWE (Ogilvie et al. 1995) ). Some of our selected events have been examined at length by other workers.
EVENT SELECTION
We use the list of EIT waves published by Nitta et al. (2013) .
3 Their "large-scale coronal propagating fronts" are defined as exhibiting an angular expanse of 45°and propagating at least 200 Mm away from the center of the eruption. We adopt this as a suitable definition for the EIT waves in our study. We chose this list because the selection is not determined by the presence of solar flares, the waves were selected using the high-cadence and high-resolution SDO data that are needed to identify the wave source, and they cover the time range where the STEREO spacecraft were at the optimal location for comparison between the on-disk EIT wave and the off-disk wave dome. The list of 171 EIT waves published by Nitta et al. (2013) includes speed measurements, which are not included in the online list. The online list does, however, provide short movies from SDO and STEREO for each event, including high-cadence versions from SDO. At the time of writing there were 395 waves in the online list over the time period from 2010 April 8 to 2015 September 20. Of these, 341 were associated with a Geostationary Operational Environmental Satellite (GOES) soft X-ray flare and a further 33 were associated with a flare on the far side of the Sun relative to the Earth, seen by one of the STEREO spacecraft but not by GOES. This means that 95% of the EIT waves in this online list were associated with solar flares, despite flares not playing a role in the selection criteria (N. Nitta 2015, private communication) . We account for the discrepancy between this very high correspondence and prior studies that question this relationship between EIT waves and flares in Section 6.1. A possible source of the non-flaring 5% of EIT waves, including one of our selected events, is also discussed in Section 6.1.
From the list, our event selection criteria were governed by the following requirements:
1. That the EIT wave originate from near disk center relative to the Earth (<30°), to increase the likelihood of it being directed toward the Wind spacecraft; 2. That the associated CME be near the solar limb relative to one of the STEREO spacecraft.
As the list exclusively contained events that occurred after the launch of SDO, this narrowed our search to events occurring during those times where a disk-centered eruption would be seen as a near-limb eruption relative to one of the STEREO spacecraft. We identified 20 EIT waves from the Nitta et al. online list that matched these criteria. We then included two additional events that did not meet all of these criteria, but had already been studied at length by us and by other workers in prior studies. The first (Event 1) occurred prior to the launch of SDO and was far-sided relative to the Earth, and the second (Event 5) involved EIT waves that originated from a location greater than 30°from disk center. This brought our total to 22. The list of events, along with a summary of some of our findings, are provided in Table 1 .
OBSERVATIONS AND MEASUREMENTS
Below is a summary of noteworthy similarities between the 22 events listed in Table 1: 1. All but Event 3 are associated with a soft X-ray solar flare, and Event 3 originated from a point source located at one end of an EUV-bright large-scale post-eruptive arcade (see Figure 2 ). To clarify, we refer to a posteruptive arcade as a large-scale structured bright (in EUV) eruption on the Sun that follows the launch of a flux rope CME. These, and their relationships with CMEs, have been explored at length by Tripathi et al. (2004) . We use the qualifier "large-scale" to accompany our usage of "post-eruptive arcade" to distinguish between this type and others that have been explored in other areas of solar physics. 2. Each EIT wave is associated with an off-limb "dome,"
observed by at least one of the STEREO EUV Imaging (EUVI) instruments, and the base of the dome traces well the EIT wave on the disk. 3. All but Events 1, 7, and 11 are listed in Table 1 of Nitta et al. (2013) and have been assigned speeds measured from their passage across the solar disk. 4. All of our "flux rope" and "combination" events are associated with a signature observed in situ by the Wind spacecraft. 5. Seven, or 64%, of our events identified as blast waves at the Sun are not associated with any detectable in situ signature by Wind at 1 AU.
Relationship to Flares
Each event was carefully examined using the SDO data to identify the location and time of the source of each EIT wave. Figure 1 shows high-cadence images of the origin of Event 8 from Table 1 , which we categorize as a blast wave CME. First, we see that the EIT wave appears to originate from a point-like location on the solar disk that is spatially coincident with the location of the solar flare. Second, we see that the EIT wave begins its journey at the onset time of the flare, rather than the time of its maximum intensity. This demonstrates that the EIT wave likely originated at the same time and location as the flare, strongly implying that its energy source is the same as that fueling the flare. (It is important to note that this does not imply that the flare is causal.) We found this relationship in timing and location to be the same for all of our events, except for Event 3 which was not associated with a soft X-ray flare. For Event 3, shown in Figure 2 , we found that the EIT wave originated from a point source that was located at one end of the large-scale post-eruptive arcade. This supports the claim that the impulsive energy release responsible for the EIT wave occurs at one end of the associated CME flux rope, even in the absence of a solar flare, since post-eruptive arcades are commonly believed to be signatures of disconnected flux ropes (Tripathi et al. 2004 ). We discuss the physical implications of this finding in Section 6.2. Note also that the proportion of EIT waves in our small sample that are associated with a solar flare is identical to that from the 395 EIT waves in the online Nitta et al. (2013) list; i.e., 95%. Lastly, we were limited in our ability to accurately assess Event 1, as there were only EUVI images available for this event.
Three Varieties of CME
Based on our observations, described in detail in the following sections, we found that each of our 22 CMEs fell into one of three varieties:
1. Blast wave (Section 5.2.1): The CME is likely to arise solely from a blast wave and not contain any intrinsic magnetic flux rope structure.
2. Flux rope (Section 5.2.2): The CME is likely to exclusively contain an intrinsic flux rope without any obvious evidence of a blast wave, either at the Sun or in interplanetary space. It is therefore of the variety of CME that is currently accepted by the solar physics community; 3. Combination (Section 5.2.3): Both a blast wave and flux rope CME are likely present, but erupt separately in time and somewhat offset in location.
We found that 11, or 50%, of our CMEs were of the blast wave variety and that a further nine involved a blast wave along with, but separate to, an erupting CME flux rope. We found that the remaining two, or 9%, of our EIT waves originated solely as a CME flux rope. We present evidence of these categories in three detailed examples (highlighted in bold font in Table 1 ) in the following sections.
5.2.1. Blast Wave CME Figure 3 shows images for the event that originated on 2011 August 02 at around 06:20UT (Event 13 in Table 1 ). We see the EIT wave both as it makes its passage across the solar disk via the AIA images in the top two rows and as it simultaneously leaves the Sun off the limb via the EUVI 195 Å images from STEREO-A. We found no evidence for any magnetic flux rope activity on the surface or on the limb, such as the formation of a large-scale post-eruptive arcade or involvement of a prominence, that would resemble the formation or departure of a CME flux rope. Panel (d) of the figure shows the evolution of the CME as it passed through the outer corona and the solar wind, across the entire SECCHI field of view in STEREO-A. Our ability to track it through HI-2A is impeded by the presence of the Milky Way, as shown on the left image of panel (d). We see that the CME has a smooth geometry in the COR1-A image on the right but becomes highly distorted and fragmented as it passes through COR2-A and HI-1A. Further, the CME has a high level of lateral expansion, in particular early in its evolution, and does not appear to contain a filament. As such, it would not be characterized as a "classic" three-part CME. Our evidence suggests that this CME was created by a blast wave only, that was manifest on the solar disk as an EIT wave, and does not contain an intrinsic magnetic flux rope component. We found that a further ten of the events in Table 1 exhibited most or all of these characteristics.
Since the EIT wave passed disk center relative to SDO and the CME blast wave was seen in HI-2A at small elongation angles (before being obscured by the Milky Way), we considered the likely possibility that it would have impacted an in situ spacecraft on the Sun-Earth line. Figure 4 shows measurements from the Wind spacecraft in the days following the launch of this event. The plots indicate an impulsive Note. Online list. Listed are the date, time, location, and GOES class of the associated solar flare, any in situ signature that was associated with the CME, and our designation of the type of CME that was associated with them. One of each type of event has been selected for presentation in the present paper and the meanings of their categories are described in Section 5. The flare time and class refer to the peak of each. The three representative events are highlighted in bold font. Abbreviations in the fifth column are given as follows: F.Shock-interplanetary forward shock; R.Shock-interplanetary reverse shock; MC-magnetic cloud; BW-blast wave. The "far-sided" listing for the first event indicates that there was no in situ signature, but one was not expected since it occured on the opposite side of the Sun to the Earth.
increase in magnetic field strength, density, temperature, and speed on 2011 August 04 at 21:00UT, and the increase lasts a short time (<4 hr) before (although the solar wind speed remains constant) returning to the background solar wind levels. We interpret this as a possible signature of a blast wave, which at 1 AU registers as a weak impulse by the in situ instruments. If so, it would mean that the wave had a travel time of around 62 hr to 1 AU, or an average speed of ∼665 km s −1 . Using SOHO/LASCO and COR2-A and the fitting technique used at the Space Weather Prediction Center (Millward et al. 2013) , we found that the CME speed was 960 km s −1 when it was close to the Sun. This indicates a sizable deceleration of the blast wave CME en-route to 1 AU, which is consistent with it passing into a cool, moderate density background as indicated by the in situ measurements in Figure 4 .
We present in Figure 5 a rescaled blow-up of the time period around the blast wave. The sharp front that arrives at Wind just after 21:00UT on August 4 is characterized by a jump in | | B from 5 to 10 nT, and an abrupt velocity rise of ∼100 km s −1 , and substantial jumps in density and temperature, all indicative of a forward shock. The rapid fall-off in these quantities immediately behind the compression front is consistent with a blast wave signature. It is notable within about six hours after the passage of the shock front, that the field magnitude has relaxed to the pre-event level of ∼5 nT and the persistent small northward component (∼2 nT) thereafter is nearly the same as that in the six hours prior to the shock. The large southward field deflection across the shock suggests that the main body of Table 1 ). (a) shows the full disk, highlighting the region that we have zoomed in on with the other images. We show every second image in the AIA 193 Å sequence, amounting to an image every 48 s in (left) regular and (right) running difference formats. The former shows the evolution of the flare and the latter shows the same for the EIT wave. We see that, within the spatial and temporal resolution of AIA, the EIT wave and flare appear to originate from the same location and at the same time. The cotemporal soft X-ray emission from GOES is also shown to the right of each column of images, from 17:20 to 17:40UT, with the dashed lines denoting the times of the shown images. The complete movie for this event can be found on the online resource by Nitta et al. (2013) .
the disturbance passed substantially to the north of the SunEarth line. The slow variation of the east-west magnetic field component seems atypical for a sector boundary, and might be construed as a signature of a magnetic cloud. However, it is important to recognize that at the time of the Wind observation the shock has propagated through a slow, dense, cold region that includes the sector boundary, which passes the spacecraft at around 05:00UT on August 5. The gradual east-west rotation of the field is attributed to the passage of the shock, which has perturbed the entire flow structure, making it more difficult to recognize the sector boundary for what it is. Examination of the ACE SWEPAM electron pitch-angle data (not shown) indicates a sharp reversal of gyration direction in the 372-712 eV channels just before 05:00UT, which is also consistent with a sector boundary crossing. We therefore conclude that the feature following that passage of the blast wave signature is not that of a magnetic cloud, but rather of a sector boundary crossing.
We cite all this as further evidence that the CME consisted of a blast wave only. We found similar in situ signatures for three of our blast wave events in Table 1 but for the majority (7 or 64%) of our blast wave CMEs we found no detectable in situ signature despite the fact that our selection criteria ensured that they would have done so had they made it that far into the solar wind. We attribute this to the dissipation of the blast wave enroute to 1 AU, implying that only the strongest blast waves passing through a favorable background will survive their passage to 1 AU. Figure 4 also shows what appears to be a possible signature of a magnetic cloud (labeled) starting at around 18:00UT on 2011 August 05. The Wind instruments were saturated with proton noise on 2011 August 06 from around 15:30-21:30UT, making it difficult to assess the exact nature of this signature.
While we cannot completely dismiss the possibility that our CME on 2011 August 02 was responsible for the likely magnetic cloud signature, we believe that it is far more likely that the magnetic cloud arose from a CME that erupted from the Sun on 2011 August 03. This CME is not part of our list since, although it was associated with an EIT wave and appears on the Nitta et al. (2013) list (the wave is associated with a M6.0 class flare at 13:17UT), the associated flare was 30°from the Sun (N17W30). However, this CME was registered as a halo and was fast, with a measured coronagraph speed of 1150 km s −1 . Its arrival at the Wind spacecraft indicated that it would have had an average speed of 790 km s −1 . That is more physically consistent with the average speed that Event 13 would have had if it were responsible (490 km s −1 ), given that it departed the Sun with a speed of almost 1000 km s −1 . Only one of our blast wave CMEs (Event 11) was associated with a magnetic cloud signature at 1 AU. This may be due to a mis-identification of this event as a blast wave and it is instead a flux rope or combination event, or it could be that the magnetic cloud measured by Wind on 2011 March 30 (at around 00:00UT) was caused by a different CME. We note that two apparently wide CMEs that were not associated with EIT waves were observed by LASCO on board SOHO at times near Event 11; a halo CME at around 06UT on 2011 March 26, and a "partial halo" CME at around 05UT on 2011 March 27. We believe that it is far more likely that one of these CMEs was responsible for the magnetic cloud observed by WIND and that Event 11 exhibited no detectable signature there.
5.2.2.
Flux Rope CME Figure 6 shows AIA and SECCHI images for the CME and associated EIT wave that originated on 2011 July 11 at around Table 1 ) in regular (top row) and running difference (bottom row) sequences. This was not associated with a measurable solar flare, but the EIT wave originated from the location indicated with the + in the 07:30 image. As shown, the location of the EIT wave origin is some distance from that of the post-eruptive arcade, that we interpret as a signature of the departure of a CME flux rope. A running difference sequence of the EIT wave is shown in the bottom row. The complete movie for this event can be found on the online resource by Nitta et al. (2013) .
10:20UT (Event 12 in Table 1 ). The EIT wave is more difficult to observe and measure for this event, but we do see a clear expansion above the solar limb in the STEREO-B images in panels (c) and (d). There is a large-scale post-eruptive arcade in the far-right image in panels (a) and (b) that is indicative of a recently departed CME flux rope. Note also that the structural integrity of the CME, while difficult to observe in COR2-B, appears to be maintained through at least the HI-1B field of view. Our evidence suggests that this CME consisted entirely of a magnetic flux rope without a blast wave counterpart, and we have therefore designated it as the "flux rope" variety. Only one other event in Table 1 (Event 3) was given this designation, , showing the evolution of the CME. We see its structure move from a smooth geometry to one that is highly irregular and has begun to break up in HI-1A. We show this as an example of a "blast wave" CME, i.e., a CME that consisted entirely of a blast wave and contained no intrinsic magnetic flux rope structure. (e) The GOES soft X-ray flux from 04 to 08UT, showing the evolution of the associated M class flare.
although we have shown in Figure 2 that for that event the EIT wave and CME flux rope were spatially separated. Figure 7 shows the in situ signatures for this CME as measured by Wind. It shows the arrival of a magnetic cloud from 2011 July 15 at 04 UT to around 2011 July 16 12 UT. This is identified via the traditional signatures of a magnetic cloud defined by Burlaga et al. (1981) as an increase and smooth rotation of the magnetic field vector and a decrease in temperature. We found no evidence of a blast wave signature or a forward shock ahead of the magnetic cloud. If the magnetic cloud and flux rope CME are the same phenomenon, its average speed to 1 AU would be 460 km s −1 . This is very similar to the speed derived from the STEREO-B white light images of the CME, which was 480 km s −1 , and with the physically consistent absence of a forward shock ahead of the in situ magnetic cloud. Thus we have a flux rope traveling near the solar wind speed and experiencing little change to its speed en-route to 1 AU. Additionally, we note that no other wide (halo or partial halo) CMEs were observed by LASCO at least two days before or after this CME. We cite this as an example of a CME that consisted of a flux rope only with no blast wave component. These were rare in our sample of events (<10%), and they seem to be slow in transit through the inner heliosphere.
Finally, we note that it is possible that both of the events that we have classified as flux rope CMEs may in fact be combination events (Section 5.2.3). Event 3 is shown in Figure 2 , where there is a clear spatial separation between the source of the EIT wave and the flux rope signature, and Event 12 is described in further detail in Section 7, where we discuss the results of Wood et al. (2012) who explored the same event. They found a large lateral separation between the shock and flux rope at large distances from the Sun and we consider whether this might be caused by a blast wave CME counterpart to the flux rope CME. If this were correct, then Event 12 would also be a combination event, and we would therefore have found no sole flux rope CMEs in our sample set. Figure 8 shows images of two CMEs that departed the Sun on the morning of 2010 August 01. These form part of a group of CMEs that have been studied at length by prior workers with multiple (>10) reports in the literature. Webb et al. (2013) provide a review of many of these works and other papers not cited by Webb et al. include Liu et al. (2010) and Martínez-Oliveros et al. (2012) . While it may stretch credulity somewhat to regard two eruptions separated in space and time to be the same "event," we have chosen to present this as our example for reasons given below. Since we regard combination events to consist of two physically distinct phenomena that are spatially and temporally separated, we regard the CMEs on Figure 4 . Plots of solar wind data for the 2011 August 02 event from Wind MFI and SWE, cast into heliocentric-equatorial coordinates. From top, the various panels show magnetic field intensity (black) and its north/south component (red); the field component in the solar equatorial plane, blue representing the "in" orientation, coral representing "out"; proton density (gold) and temperature (green-on log scale, given at the right); the proton bulk speed (blue); and the proton flow angles (teal indicating east/west, orange north/south). A blast wave signature is seen at about 21:00UT on August 4, well separated from a complex signature that we believe to be a CME that erupted the following day and arrived at around 18:00UT on August 5. For a period of a few hours this latter CME was contaminated by proton saturation (indicated), removing useful information about it for its duration.
Combination
2010 August 01 to fit into this criterion, albeit to a more extreme level.
We present this as an example of a "combination" event, where both a blast wave CME (manifest on the solar disk as an EIT wave) and a flux rope CME (not associated with an EIT wave) are simultaneously present. This event was chosen for presentation because there is a clear spatial separation (over 90°) between the blast wave and flux rope CMEs. This separation is best shown in the SDO/AIA images in panels (a) and (b) of Figure 8 , where the flux rope is best identified by the filament to the northwest in panel (a), while the blast wave is best seen in the running difference images in panel (b). However, when they are observed from the perspective of STEREO-A (panels (c) and (d)) they appear to be more spatially aligned. This is strongly apparent in the white light images in panel (d).
The two different varieties of CME do, however, exhibit different properties in the white light imagery. First, the blast wave CME originally appears in COR1-A as a highly symmetric bubble-like structure with no apparent intrinsic features such as a filament. Its structure becomes distorted as it progresses through COR2-A and HI-1A, but not to the same extent as the blast wave CME shown in Figure 3 . The following flux rope CME does contain a bright filament in COR-1A and COR-2A and does not exhibit the strong lateral expansion that is present in the blast wave CME. Figure 9 shows the in situ data from Wind associated with this event. Following the same selection criteria for the blast wave and flux rope CMEs, we found signatures of both a possible blast wave on 2010 August 03 at 02:00UT and a magnetic cloud starting on 2010 August 04 at 04:00UT. This magnetic cloud appeared to drive a strong forward shock, measured to pass Wind on 2010 August 03 at 17 UT. Much has been published on the relationship between the features observed at the Sun and those observed by the white light imagery for this time period (see Harrison et al. 2012 , for one example), and on the complexity of magnetic cloud signatures in the in situ data (e.g., Möstl et al. 2012) , including some claims of CME-CME interaction through August 3-5 (e.g., Möstl et al. 2012; Temmer et al. 2012) . We offer no commentary on the interplay of magnetic structures beyond August 3; it is sufficient for our purposes to confirm the arrival of a magnetic cloud on August 4. However, we found no commentary on the possible blast wave signature on August 3 at 02UT in the prior literature. If this were a blast wave arising from the CMEs shown in Figures 8(c) and (d) , then it had an average speed of ∼1130 km s −1 on its transit to 1 AU. This is inconsistent with the in situ solar wind measurements at 1 AU that do not exceed 650 km s −1 during the entire time period (including the period following the signature). The most likely explanation is that this is not a signature of the blast wave CME in Figures 8(c) and (d). This claim is bolstered by the images of the EIT wave in Figure 8 (b), which does not appear to cross the Sun-Earth line.
We placed nine events in Table 1 into the combination category, although the remaining eight events did not consist of CMEs that were as spatially separated as the one we present in Figure 8 . Rather, they were more similar to Event 3 shown in Figure 2 , where the origin of the blast wave CME was at one end of the flux rope CME. As noted in the prior section, it is possible that our two flux rope CMEs may also be combination events, meaning that a blast wave may have been present in all of our 22 events.
DISCUSSION
Of the 22 CMEs that were associated with EIT waves in our study, we found that 50% of them were best described as a blast wave that originated from the site of the observed flare. Evidence for this includes the site of the origin of the EIT wave as being the same as that of the solar flare, the lateral overexpansion of the off-limb CME observed by EUV imagers and near-Sun coronagraphs, the breakup and geometric disruption of the CME early in its evolution, and the absence of a filament feature within the "cavity" component of the CME observed by coronagraphs. We have identified these features as signatures for the presence of a blast wave CME, but note that this is a tendency rather than a general rule.
We found that the other 50% likely involved a CME flux rope in the contemporary sense, but that the vast majority (81%) of those also involved a blast wave that was manifest as an EIT wave. This means that only 9% of our events involved an EIT wave that was solely a manifestation of the CME flux rope expansion. We note that even those events might also involve blast waves, such as Event 3 shown in Figure 2 , but it was difficult to separate them from the flux rope signatures.
For all but two of our events the wave originated from within the spatial resolution of SDO (1.5 arcsec) of the location of the flare. We also found that the onset of the wave occurred within the temporal resolution of SDO (12 s) of the flare onset. (One of the remaining events originated from within the spatial and temporal resolution of EUVI-B, while the other was not associated with a solar flare, but did originate from a point source that was spatially separated from the flux rope.) These strongly imply that the localized impulsive energy release responsible for the flare was also responsible for the EIT wave.
On the Flare Versus CME Relationships of EIT Waves
The very strong correlation between EIT waves and flares in the Nitta et al. catalog and in our sample, noted in Section 4 as 95%, is in opposition to the studies that in their time raised serious questions about EIT waves arising from blast waves (see Gallagher & Long 2011 , and references therein). For example, Biesecker et al. (2002) found only a 66% relationship between their "coronal bright fronts" and flares. To compare their results, which were derived from a list published by Thompson & Myers (2009) , with those from the Nitta et al. catalog, however, we must take account of the following: Table 1 ). Images are shown in the same layout as with Figure 3 , except that we have zoomed in on a section of the Sun for the final image of panels (a) and (b), and that the SECCHI image sequence is from STEREO-B and not STEREO-A. Here we see a large-scale post-eruptive arcade associated with the EIT wave and an off-limb CME that appears to maintain its structural integrity somewhat better than the event shown in Figure 3 . We cite this as an example of a "flux rope" CME, i.e., one that exclusively involves a flux rope and no apparent blast wave component.
1. More than 50% of the events listed by Thompson & Myers (2009) were of low reliability judged by the authors with <25% confidence. If we remove these events (those with a quality rating of Q0 or Q1) we are left with a total of 87 waves in that list. 2. The EIT wave average annual rate from both catalogs, following the removal of those low-confidence events, is comparable-cf. 68 waves from Thompson & Myers with 72 waves from the Nitta et al. catalog. 3. Around 25% of the Q2 waves are listed as "off the limb" by Thompson & Myers (2009) . If we allow for the possibility that at least some of these off-limb waves may have been associated with flares that were not observed from the Earth (note that this list pre-dates STEREO, so it was not possible to observe flares that were behind the Sun relative to the Earth), we find that the percentage of flare-related CMEs varies from 72%, where none of the off-limb waves were associated with a flare, to 97%, where all of them were flare-related. 4. The Thompson & Myers list was constructed using EIT data, which provided images with a poorer spatial and temporal resolution than AIA.
In summary, if we have cause to disregard those EIT waves that were assigned a low confidence (<25%) from the list by Thompson & Myers (2009) and allow for the possibility that off-limb waves may have been associated with far-side solar flares, we can arrive at a similar EIT wave to flare relationship as the Nitta et al. catalog and our sample, i.e., >90%. This is by no means conclusive, but it does call into question at least some of those early challenges regarding the legitimacy of the blast wave narrative for EIT waves.
Two important factors that are often overlooked are the relative locations of the source of the EIT wave and the overall erupting CME structure. For all of our combination events we found that the overall CME structure was centered some distance away from the EIT wave source, implying that the two, while related, are not the same phenomenon. One of our events (Event 3) was not even associated with a flare, yet the EIT wave originated from a location at one end of the largescale post-eruptive arcade that we associate with the magnetic structure associated with the CME. This supports the view that the EIT wave does not necessarily derive its energy from the flare itself, but rather from the same energy reservoir that separately may drive the flare. This is consistent with some modeling work, such as that of Chen (2006) , who presented the case that it was impossible for a solar flare of any credible magnitude to produce EIT waves. Figure 10 shows a simplified 2D illustration of the difference between a blast wave CME and a flux rope CME. It also illustrates how both varieties of CME can occur together as a combination described in Section 5.2.3. This cartoon leaves out some important physics, such as the magnetic process that dislodges and/or creates the flux rope and the displacement of the local magnetic field lines by the expanding blast wave. Nonetheless, we can see how the blast wave CME expands away from the flare site, manifest as an EIT wave when Figure 7 . The same plots as in Figure 4 , showing a magnetic cloud signature starting early on 2011 July 15 and the onset of the associated CME around noon on 2011 July 11. We see the classic signatures of a magnetic cloud associated with this flux rope CME on 2011 July 15-16.
Physical Narrative of the Two CME Varieties
observed on the solar disk, as a laterally expanding bubble when observed off the solar limb, and as a CME when observed later by a coronagraph. We also see how the flux rope CME has the configuration of the contemporary narrative for CMEs (cf. our Figure 10 with Figure 6 of Harrison 1986), with its geometry centered at the larger coronal magnetic structure comprising the flux rope CME rather than at the flare site. We also see how the flux rope CME will produce a wave ahead of it that is separate from the EIT wave and develops as it accelerates material driven by the CME flux rope. We remind Table 1 ), in the same layout as for Figure 3 . This is an example of a combination event, where a blast wave CME and a flux rope CME occur (nearly) simultaneously, but separately. This example was chosen as the blast wave and flux rope sources are some 90°separate from each other. The blast wave (EIT wave) is indicated with the arrows in panels (a) and (b), while the flux rope (filament) is indicated with the arrows in panels (a) and (c). Panel (d) shows the evolution of the two different CME varieties and the differences in appearances between the two. As with the HI-2A images from Figure 3 , the Milky Way prevents us from tracking the CMEs beyond elongations of around 30°. A more detailed analysis of the white light signatures involved in the complex sequence of CMEs that launched on 2010 August 01 can be found, for example, in Harrison et al. (2012) and Webb et al. (2013) .
the reader that the narrative depicted in Figure 10 applies only to CMEs that are associated with EIT waves, which are a small minority of all of the CMEs that are observed.
Using the cartoon in Figure 10 as a guide, we can begin to construct a physical narrative of these two varieties of CME. The blast wave CME originates at the site of the solar flare, but it is critical to understand that the CME is not driven by the flare and nor can the flare be regarded as an indicator of the original energy source (apart from its time and location). It is well known (e.g., Hundhausen et al. 1970 ) that CME energy, as measured by in situ spacecraft far from the Sun, is far larger than is present within the solar flare. Rather, the blast wave CME is produced by the same energy release that gives rise to the flare, i.e., the energy release takes the form of both emission (the flare) and displacement (the blast wave) in a small volume. Any tendency for a relationship between flare intensity and EIT wave speed would then be because of the quantity of total energy available, rather than because one was driving the other. This would likely result in a loose correlation between these two properties, as was observed, for example, by Nitta et al. (2013, see their Figure 6 ). Since we do not expect the wave to be thermally driven, the duration of the X-ray flux has little to do with the deposition of magnetic energy, and most importantly the momentum that drives the wave at launch. A long duration flare, for example, could be a symptom of the post-eruptive field reconfiguration, but in such a case the wave already would have departed at the time time of the initial release of energy. On some occasions, such as Event 3 in Table 1 and in possibly around 5% of the EIT waves in the Nitta et al. online list, the wave originates from a point source on the Sun but not from the site of an obvious solar flare. In such cases the energy provided to the EIT wave is still localized and impulsive (evidenced by the point-like nature of their origin and their location at one end of an associated flux rope (e.g., Figure 2) ), but does not manifest in sufficient quantities of X-ray emission. Blast wave CMEs tend to be a symmetric "dome" shape early in their evolution, exhibit more lateral expansion when observed off the solar limb, lose their structural integrity more rapidly as they expand through the white light imagers, and are missing the interior filament feature within their "cavity." They are also more likely to disappear at larger distances from the Sun, resulting in no discernible signature at in situ spacecraft near 1 AU in most cases (our results found this to be the case for 64% of our blast wave CMEs). Those that make it to an in situ spacecraft exhibit the shock-sheath configuration but not the magnetic cloud component.
The flux rope CME forms along the lines of the different models that have been devised to describe their formation and launch; some examples include tether cutting (e.g., Sturrock 1989; Moore & Roumeliotis 1992), kink instability (e.g., Fan & Gibson 2003; Török & Kliem 2005) , breakout (e.g., Antiochos et al. 1999; Lynch et al. 2008) , flux injection (e.g., Chen & Krall 2003) , and mass loading (e.g., Klimchuk & Sturrock 1992; Zhang & Low 2004) . Some combination of these processes may be involved in the disconnection of larger or more complex magnetic structures (Howard & DeForest 2014) . The flux rope expands through the solar wind, driving material and magnetic fields ahead of it that may steepen to form a leading forward shock. When it impacts an in situ spacecraft we observe the well-known shock-sheathmagnetic cloud configuration. When observed by coronagraphs they tend to have more structural integrity, expand more rapidly along their leading edge than their flanks, and exhibit a "filament" within their cavity. We explore the physical significance of the filament core in an accompanying paper.
It is important to stress that the signatures that we have attributed to the two classes of CME are statistical trends rather than absolute delimiters. Some examples of deviations from these trends are listed below:
1. The absence of a magnetic cloud in situ could be caused by a fux rope CME impacting the spacecraft along its flank. As the shock generated by the CME occupies a larger volume than its driving flux rope, this is expected to happen from time to time (traditional estimates are that between 30% (Cane et al. 1997 ) and 50% (Gosling 1990) of in situ CMEs contain magnetic clouds). 2. Lateral expansion may occur with flux rope CMEs. While we suspect that the "over-expansion" phase of early CME evolution reported by Temmer et al. (2010) and Patsourakos et al. (2010a Patsourakos et al. ( , 2010b ) is more likely to be caused by a blast wave, we found for one of our events (Event 10) that lateral expansion occurred even with clear evidence that the CME involved a flux rope. 3. Some blast wave CMEs may appear to have an intrinsic filament. For one of our events (Event 16) we found what appeared to be a filament in the COR1 images for the associated CME. Upon closer inspection it was discovered in each case that this was an artifact of the edge of the occulting disk, but we cannot discount the possibility that an intrinsic filamentary feature may be present within a blast wave "cavity." 4. The blast wave can be highly non-symmetric. Once the blast wave is no longer driven (immediately after its launch), its behavior is governed entirely by the environment in which it propagates. We would therefore expect to observe the geometrical properties of the blast wave CME to become distorted as it propagates through coronal and solar wind regimes of different field configurations, densities, etc. Nitta et al. (2013) , for example, found that EIT waves were affected by coronal holes; a finding supported by some workers (e.g., Gopalswamy et al. 2009 ) but challenged by others (e.g., Attrill 2010). We should therefore not be surprised to find that blast wave CMEs and their EIT wave counterparts exhibit non-symmetric geometric expansion. 5. The structural integrity of some flux rope CMEs may be weak. It is expected that CMEs with an intrinsic magnetic flux rope will maintain their structural integrity as they expand through the solar wind; evidence for such a possibility includes the persistence of cavities within CMEs observed by heliospheric imagers (Howard & DeForest 2012) , and the highly structured magnetic clouds that frequently appear in situ at large distances from the Sun (e.g., Richardson & Cane 2010) . However, CMEs are affected by their coronal and solar wind environments even in the presence of a magnetic flux rope; Howard & DeForest (2012) , for example, showed that a flux rope CME can be deflected and distorted by the surrounding solar wind.
Finally, we note that in those cases where the blast wave and flux rope CME occurred together (Section 5.2.3), they may be observationally indistinguishable. In the combination narrative version of Figure 10 , the energy release at the flare site serves as the release mechanism for both the flare and, with some delay, the flux rope CME. For the former, as described before, this energy release assumes the form of both emission (flare) and a propagating (EIT) wave. For the latter the release is a signature of field reconfiguration, possibly via magnetic reconnection that acts to destabilize the larger surrounding coronal field. In some circumstances, such as the event described in Section 5.2.3 or the CME explored by Howard & DeForest (2014) , the size and complexity of the surrounding coronal field enables a large spatial separation between the flare site and the overall CME field, as the flare tends to occur at one end of the CME structure (e.g., Harrison 1986 , and references therein). However, in other cases the surrounding magnetic field may be much smaller, perhaps Figure 10 . Simplified cartoon showing the difference between the flux rope and blast wave varieties of CME. The blast wave CME expands away from the site of the solar flare and is seen as an EIT wave on the solar disk and an expanding bubble off the limb and by white light coronagraphs. The flux rope CME is centered at the greater coronal magnetic structure that forms the CME flux rope, and it also generates a wave ahead of it that can steepen into a shock. The cartoon also depicts how both varieties of CME can occur simultaneously.
not expanding further than those surrounding the active region from which the flare arose. Under such circumstances it would be difficult, if not impossible, to observationally isolate the blast wave and flux rope CME varieties. Additionally, it would make little sense to isolate the blast wave from the impulsive energy release from the shock wave driven by the flux rope CME, as their spatial proximity would likely result in their being physically merged early in their evolution.
Implications for Future Numerical Modeling
Although countless publications on CME launch and nearSun evolution are to be found in the literature, no numerical model study appears to address the specific two-part eruption scenario put forth here. This is not a commentary on the models that are in use today, but rather it is likely to be a scenario that has simply not been considered at length by the contemporary modeling community (once again we stress that CMEs associated with EIT waves are a small minority of those observed in general). Here we address some modeling considerations pertinent to exploring the blast wave scenario in a manner that both tests the physical validity of our hypothesis and deviates from the traditional view of blast wave CMEs driven by flares.
The problem requires the accurate handling of two distinct, but intimately related, physical phenomena with the following provisos:
1. Coupled eruptions that occur successively across a substantial spatial domain in a gravitating, spherical geometry, in the presence of a mix of neighboring magnetically open and closed structures. 2. Allowance for disturbances evolving rapidly against a background of large-scale, relatively smooth pre-eruption structures punctuated by narrow boundary regions, and leading to evolving shock structures having sharp gradients in all relevant plasma and field parameters. 3. Accurate treatment of all MHD modes, most especially fast and intermediate modes, implying time-stepping at the local Courant limit.
In addition, it is an open question as to how the solutions may be influenced if the modeling is taken to start at the base of the corona as opposed to being initiated down at chromospheric levels, since different physical processes may dominate in one versus the other. Our proposed scenario demands careful handling of numerical viscosity, diffusion, and dispersion over an enormous range of parameter space, as well as attention to other obvious considerations, such as rigorously maintaining ▿ · = B 0 everywhere in this magnetically dominated system. Finally, it is imperative that reconsideration of what constitutes the most appropriate boundary conditions for this specific problem be undertaken.
Taking a step back to place the needed modeling in perspective, it is a fact that much of our knowledge and intuition regarding blast waves in the solar atmosphere come from theoretical concepts dating back roughly half a century. Analytic formulations based on self-similarity assumptions were first applied to shock waves propagating in the solar wind (Parker 1961) and were further elaborated upon and applied to solar eruptions by a host of others (e.g., Dryer 1970) . In all these cases, eruptive phenomena associated with the thennewly recognized coronal transients were treated as sudden, point-like depositions of energy (often presumed thermal, from flare heating) at various levels in the solar atmosphere. As numerical models were introduced into solar physics studies, one of the early applications was to blast wave disturbances , 1977 , followed by research into the MHD aspects of CMEs in the corona, including the role of intermediate shocks and related phenomena (e.g., Steinolfson & Hundhausen 1990; Poedts et al. 2002) . With time, as CMEs came to be equated with the ejection of mass and magnetic structure from the Sun (Gosling 1993a) , numerical work has become increasingly focused upon the destabilization of flux systems and the subsequent ejection of flux ropes of various forms carrying both intense magnetic structures as well as large amounts of mass, both intrinsic and acreted. This concept has been taken to be well supported by interplanetary observations, especially since reasonable arguments can be made that ejecta material should only be seen over a fraction of the CME front. The broad acceptance of this view has has the unfortunate sideeffect of discouraging efforts to look for-or even recognizeevidence of pure blast wave structures in the solar wind or to pursue further numerical investigation of solar-related blast wave dynamics.
At present, quite a number of models are capable-at least in principle-of addressing strong, 3D MHD disturbances associated with CMEs in the solar corona, including via blast waves. In applying such models, it is important to recognize that the intrinsic complexity of the problem dictates that one must start from the simplest scenarios (much in the spirit of early blast wave and CME modeling studies) and add complexity as growing understanding of the basic physical system permits. Thus, the first action would be to temporarily strip out all but the bare essentials needed to address a progression of simulations aimed at building a clear picture of these phenomena over time.
It would be especially useful to revisit solar blast wave dynamics with modern modeling tools. For example, the simplest possible preliminary study would be to start with a range of localized depositions of momentum (presumably arising from the impulsive release of intense magnetic stresses in an unstable flux rope structure) at the base of a nearisothermal hydrodynamic corona, and then to track their evolution out into the interplanetary regime. It would also be of interest in these calculations to obtain a feel for how much pure thermal energy input would be needed to provoke similar responses. This would establish a solid reference for interpreting the results of a progression of numerical experiments of increasing complexity. In this way, one could systematically approach interesting physical questions, such as: All these comprise a research area that has unfortunately lain dormant many years, which, with modern tools, could be reasonably well addressed with little additional effort.
The second stage would be to determine how best to model the full system, such as in a scenario where a blast wave is launched at one end of an extended magnetic structure that reconfigures and detaches catastrophically, whereupon the other end is destabilized and ultimately accelerates away from the Sun, carrying with it significant mass as well as a flux rope into the interplanetary medium. The setup of such simulations would by no means be trivial, and it can be expected that a great deal of preliminary experimentation with backgrounds and boundary conditions would be needed to produce credible results.
Finally, it must be borne in mind that the many numerical approximations inherent to all such models can and do break down at some point, typically in harsh numerical environments such as implied by the physical scenario pertinent to this problem. This suggests that it would be worthwhile to spend effort toward developing relevant 3D (HD and/or MHD) test cases against which to measure solutions from various models. Alternatively, in the event that several models could be applied to the same problem, comparing and evaluating the results could prove most illuminating.
IMPLICATIONS FOR OTHER MEASUREMENTS AND PREDICTIONS
Along with considerations for future modeling of CMEs discussed in the previous section, we here speculate on possible implications for our narrative towards other observations of CMEs. While many signatures of CMEs or CME-related phenomena have a clear magnetic description (such as filaments, post-eruptive arcades, and sigmoids), others that may currently be described as shocks driven by flux rope CMEs could instead be, or involve, a blast wave CME. Obvious examples include Type II radio bursts, in situ forward shocks without a magnetic cloud counterpart, and leading fronts ahead of coronagraph CMEs, but they may also involve near-Sun phenomena such as coronal dimming. It is well known that dimming is not directly connected to EIT waves and yet the two phenomena are often intimately linked (e.g., Wills-Davey & Thompson 1999; Chen et al. 2010) . Perhaps coronal dimmings are signatures of the departure of flux rope CMEs while the EIT waves are signature of the blast wave counterpart. Krista & Reinard (2013) provide a description of how coronal dimming can arise from the eruption and reconfiguration of overlying magnetic fields.
The blast wave CME narrative has implications for space weather forecasting as well. For example, it is commonplace for interplanetary shocks to be observed in situ without a trailing magnetic cloud being detected. The proportion of CMEs with magnetic clouds was found by Richardson & Cane (2004) , for example, to vary with the solar cycle from 15% to 100%, albeit with different counting statistics. The commonly accepted viewpoint of this discrepancy (Gosling 1993b) is that the interplanetary shock driven by the flux rope CME has a larger extent and there is therefore a greater probability of its impact with in situ spacecraft rather than the magnetic cloud. Yet the relatively small proportion of CMEs that have been found to contain magnetic clouds implies an interplanetary shock of a questionably large extent. We offer the possibility that a portion of those CMEs that have been found not to contain magnetic clouds in situ may be blast wave CMEs, meaning that the absence of the cloud might be because there was never a flux rope present from the onset.
Regarding the interpretation of coronagraph CMEs, consider the LASCO C2 image from the SOHO spacecraft of the "Halloween" CME from 2003 October, shown in Figure 11 . This is easily recognized as a "halo" CME, as its geometry appears to completely encircle the Sun (Howard et al. 1982) . This is commonly assumed to depict a CME that is headed towards the observer. Looking more closely, however, we see that this CME consists of several different components, including a bright non-halo CME embedded within its geometry. Such configurations where a halo and non-halo CME appear to erupt together are very commonly observed in coronagraph images of CMEs, yet the halo component quite often dominates the geometrical fits that workers use to assess energetic CMEs, leading to implied widths that are eminently suspect, at best. Figure 11 may be another example of a combination CME, where the blast wave CME with a different spatial origin and large lateral expansion is directed towards the observer and the flux rope CME, with a narrower expansion and 3D extent across the solar disk, appears as the non-halo component. Such a configuration would describe well some classic magnetic CME eruption models that, for example, treat the erupting flux rope as an extended cylindrical structure. It also suggests that those measuring halo CMEs should consider treating the halo and non-halo components separately, as doing so yields potentially widely separate results when measuring kinematic properties (e.g., Howard 2015) . Now consider the in situ signatures and CME reconstruction shown in Figure 12 . These are reproductions of Figures 2 and 5 Figure 11 . SOHO/LASCO C2 image of a halo CME, on 2003 October 28 at 11:30UT, illustrating a possible combination CME. We see the traditionally accepted halo component but within its geometry lies a non-halo CME that appears to be separate from the halo. This is a commonly observed configuration for halo CMEs and yet they are rarely, if ever, treated as separate CMEs. We postulate that such configurations could be indicators of blast wave and flux rope CMEs erupting together. Image provided courtesy of NASA.
from Wood et al. (2012) , respectively, and involve a multiple-CME event observed in 2011 July 11 (our Event 12 is one of the CMEs described in that paper). Figure 12 (a) shows in situ measurements from STEREO-A (red) and Wind (green) and the arrival of a CME shock, magnetic cloud, and corotating interaction region (CIR) at each (the magnetic cloud was not observed by STEREO-A). The reconstruction used to describe the narrative is shown in Figure 12(b) , where a large distance is clearly shown between the western flank of their "CME2 FR" and their "CME2 shock," despite the close proximity of the two features along the nose of "CME2 FR." Wood et al. (2012) describe this discrepancy in terms of the CME shock accelerating into a nearby high speed stream and away from its flux rope driver, whereas we offer an alternative possibility. Perhaps the feature labeled "CME2 Shock" in Figure 12 (b) is a blast wave CME and was never driven by the flux rope CME that we have identified as Event 12. If this is the case, then Event 12 could be reclassified as a combination event, even though the CME met our criteria for a flux rope CME.
Finally, it is worth noting that our results suggest that the majority of blast wave CMEs do not survive the journey to 1 AU, and many of those that do only appear as a very weak signature against the background solar wind when measured in situ. This would imply that blast wave CMEs, once identified as such, could mostly be disregarded as geoeffective candidates. Hence the identification of blast wave CMEs and their separation from any possible associated flux rope counterpart are likely to play an important role in the forecasting of the impact of CMEs on the Earth.
SUMMARY AND CONCLUDING REMARKS
We have presented evidence that a variety of CME, particularly that associated with EIT waves, is most plausibly described in terms of a blast wave originating from a highly localized impulsive energy release on the Sun, typically at the site of a solar flare. These waves, which we believe to be fast mode MHD waves, are not produced by the solar flare but rather are a manifestation of the same energy release that gave rise to the flare. They can propagate away from the Sun and, while many dissipate rapidly after departure, some make it to distances as far as 1 AU from the Sun. In our small selection of 22 EIT wave-related CMEs, we found that 50% were exclusively blast waves, while a further 41% involved both a blast wave and a flux rope CME. It is also possible that the remaining 9% also included blast waves as well. If our sample is representative of the general population of CMEs that are associated with EIT waves, then our results suggest that the vast majority (and possibly all) of EIT-wave-CMEs involve impulsively released blast waves that originate independently of a possible associated flux rope CME.
The purpose of this paper is to rehabilitate the term "blast wave" in reference to certain varieties of CME. While it is undeniable that many CMEs are of the flux rope variety that is universally accepted by the solar physics community, we have found that some CMEs, particularly most of those associated with localized impulsive eruptions like solar flares, may be blast waves originating from the site of the associated solar flare. The blast wave narrative explains the discrepancy between apparent flare-centered CMEs that are commonplace in EIT wave studies and the off-center CME narrative of , showing the arrival of a forward shock (CME2) and CIR at both spacecraft and a magnetic cloud (flux rope, CME1 FR?) at Wind. The thick curves show the density of the CME reconstruction tool used by Wood et al. (2012) . (b) Ecliptic-plane view of the reconstruction of the two CMEs and the associated shock. The Earth is shown as the white circle connected to the Sun with the dashed line and the locations of STEREO-A and -B are also shown, along with the fields of view of their heliospheric imagers. Note the large spatial separation between the feature labeled "CME2 Shock" and the feature labeled "CME2 FR" on its western flank despite the close proximity of the two features along the nose of "CME2 FR." We offer the possibility that "CME2 Shock" may be a blast wave CME, and not a shock driven by "CME2 FR." Harrison (1986) , describes the apparent rapid lateral expansion of some CMEs early in their evolution, provides an explanation for why many halo CMEs observed by coronagraphs have a non-halo counterpart, and resolves the question as to why some CMEs, even when their associated flare is very near the SunEarth line, exhibit no signatures of magnetic clouds when observed by near-Earth in situ spacecraft. We stress that not all EIT waves are likely generated by blast waves alone; half of our selected events were also associated with a CME flux rope. However, of those flux rope events, we were able to separate the flux rope and blast wave signatures in the vast majority of them (82%). We conclude with the caveat that our selection exclusively involved CMEs that were associated with EIT waves. As such, we offer no commentary here on those CMEs that are not related to EIT waves.
